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Matter No. P03-KITCH-0044 
APPARATUS AND METHOD FOR ENERGY GENERATION WITHIN A TIRE 

Related applications 

[0001] This application claims the benefit of U.S. Provisional Application Serial Nos. 
60/398,492 filed 25 July 2002; 60/413,394 filed 24 September 2002; 60/444,797 filed 3 
February 2003; 60/476,606 filed 7 June 2003; and pending United States Patent 
Application Serial No. 10/143,312, filed 10 May 2002, all of which are incorporated 
herein by reference in their entireties. 

Background of the Invention 

[0002] Field of the Invention: The present invention relates generally to vehicle tires 
and to devices placed within the tires. More particularly, the present invention relates to 
apparatus and methods to generate renewable power within the tire to activate 
instrumentation placed within the tires. The generated power signals are also used to 
measure the length of the tire-to-road contact region and tire geometry that, with tire 
pressure, provides the tire load, the mass and center-of-mass of the vehicle, and other 
derived tire or vehicles values known in the field. The invention further relates to 
energy-optimal pulsed power capture circuits. The invention further relates to the design 
of run flat tires that accommodate devices mounted onto the inner tread surface for 
generating and capturing power or monitoring tire or vehicle status. 
[0003] General Background and State of the Art The Ford Explorer and Firestone Tire 
failures generated a great deal of interest in monitoring tires. The American automobile 
industry and United States Congress moved to require real-time monitoring of tire 
pressure to detect under-inflated tires (TREAD Act of 1 November 2000). Two methods 
of accomplishing such monitoring have resulted: a direct method that places a pressure 
sensor within each tire that communicates its readings over a radio link to the main body 
of the vehicle; and an indirect method that monitors the rotation rates of the tires using 
sensors on the main body of the vehicle and infers a less inflated tire as having a higher 
rotation rate. 

[0004] Of the two methods, the direct method is considered more accurate. It is also 
the most adaptable as tire temperature, tire load, and other tire sensors can be included 
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which piggy-back their data onto the radio data link to the main body of the vehicle. 
Currently these devices are battery operated and, to maintain battery life over the life of 
the tire, are activated only intermittently. Continuous tire monitoring with this method is 
not practical because the battery would be drained too quickly, battery replacement is not 
a simple task, and high capacity batteries are too large or expensive to be accommodated 
within the tire. 

[0005] The ability to perform rapid and nearly continuous tire monitoring is preferred 
and would make it possible to use the tire as a dynamic sensor and adapt the vehicle 
control system accordingly. There is a need to provide an apparatus and method to 
generate sufficient power from a renewable resource within the tire to sustain continuous 
or nearly continuous monitoring, or eliminate the need for a battery for intermittent 
monitors, 

[0006] Earlier devices, such as those disclosed in U.S. Patent No. 3,699,367 (Thomas), 
U.S. Patent No. 3,760,351 (Thomas), U.S. Patent No. 4,061,200 (Thompson), and U.S. 
Patent No. 6,291,901 Bl (Cefo) couple the reciprocating radial deflation motion to a 
magnet or coil or fluid pump in order to generate electricity, with the disadvantage of 
having to attach delicate devices to the wheel inner rim where they can be damaged by 
installers. Others, such as the device disclosed in U.S. Patent No. 4,504,761 (Triplett), 
use piezo-electric devices driven by the motion of an outer portion of the tread with 
respect to an inner portion, which has the disadvantage of potentially weakening the 
structure of the tire. U.S. Patent No. 4,220,907 (Pappas) discloses a magnet mounted on 
the inner tread surface that opens and closes a magnetic flux circuit as the tread goes flat 
on the contact patch. U.S. Patent No. 4,429,232 (Thomas) suggests a rotational generator 
mounted on a rim track and using gravity as a reference with the disadvantage of 
requiring a low friction track within a very dirty tire. U.S. Patent Nos. 5,889,464, 
6,175,302 (Huang) suggest piezo-electric devices driven by vibrations within the tire. 
[0007] None of the cited prior art references, taken either singly or in combination, is 
seen to describe the present invention as disclosed and claimed. 
[0008] None of the cited prior art references provide a real-time optimal method to 
generate maximum energy. 
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[0009] None of the cited prior art references provide a run flat tire adapted to support a 
monitoring or power generating device mounted on its inner tread surface. 

Summary of the Invention 

[0010] Accordingly, it is an object of the present invention to provide a tire power 
generating system and method that is configured to generate enough power to sustain 
continuous or nearly continuous monitoring of the tire parameters, or eliminate the need 
for batteries in current intermittent monitors. 

[0011] An additional object of the invention is to provide a tire power generating 
system that may be mounted within a tire without being damaged when the tire is 
mounted onto its rim. 

[0012] It is yet another object of the invention to provide a tire power generating 
system whose installation does not weaken the tire structure. 

[0013] Still another object of the invention is to provide a tire power generating system 
that does not require a low friction track circumferential to the rim. 
[0014] A further object of the invention is to provide a tire power generating system 
that is not driven by tire vibration. 

[0015] It is yet another object of the invention to provide a tire parameter monitoring 

system that can generate power from a renewable source. 

[0016] A further object of the invention is to provide a tire parameter monitoring 

system and method that does not require the use of high capacity batteries, or batteries at 

all. 

[0017] It is a further object of the invention to provide a run flat tire within which a 
device, such as a tire or vehicle monitor or power generator, can be mounted and not be 
damaged when the tire is flat. 

[0018] These and other objectives are achieved by the present invention, which, in a 
broad aspect, is an inner wall deflection generator comprising a power generator that 
couples to the relative inner wall deflection motion induced by a load on a rotating tire, 
thus producing useable power. A magnet-coil generator and a piezo-electric power 
generator are presented as illustrations. In one aspect of the invention, the generator is 
connected to the outer radius portion or shoulder of the tire. 
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[0019] The present invention also allows for optimal pulse energy capture when the 
energy source has a significant resistance and the energy is captured on a capacitive 
device. 

[0020] The present invention also allows for determining the length of the road contact 
region. 

[0021] The present invention also allows for a run flat tire within which a device, such 
as a tire or vehicle monitor or power generator, can be mounted and not be damaged 
when the tire is flat utilizing a cutout to protect the device when the tire is deflated. 
[0022] The ability to perform rapid and nearly continuous tire monitoring is enabled 
and makes it possible to use the tire as a dynamic sensor and adapt the vehicle control 
system accordingly. The present invention generates power from a renewable resource 
within the tire in sufficient quantity to sustain continuous or nearly continuous 
monitoring of the parameters, or to charge a battery or storage capacitor. 
[0023] Further objects and advantages of the present invention will become more 
apparent from the following description of the preferred embodiments, which, taken in 
conjunction with the accompanying drawings, will illustrate, by way of example, the 
principles of the invention. 

Brief description of the Drawings 

[0024] FIG. 1 is a front cutaway view of a wheel of conventional design shown in 
loaded condition with radial deflation reciprocation and adapted to generate power from 
the tire radial deflation reciprocating motion, where the power generator is located on the 
road contact region. 

[0025] FIG. 1 A is a front cutaway view of a wheel of conventional design shown in 
loaded condition with radial deflation reciprocation and adapted to generate power from 
the tire radial deflation reciprocating motion where the power generator is located away 
from the road contact region. 

[0026] FIG. 2 is a side cutaway view of a wheel of conventional design shown in 
loaded condition with inner wall deflection reciprocation and adapted to generate power 
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from the tire inner wall deflection reciprocating motion where the power generation 
device is located on the road contact region. 

[00271 FIG. 2A is a side cutaway view of a wheel of conventional design shown in 
loaded condition with inner wall deflection reciprocation and adapted to generate power 
from the tire inner wall deflection reciprocating motion where the power generation 
device is located away from the road contact region. 

[0028] FIG. 3 is a schematic of a magnet-coil generator applicable to inner wall 
deflection energy generation. 

[0029] FIG. 4 is a side cutaway view of a wheel adapted with an inner wall deflection 
generator mounted onto the tread inner lining and making contact with only one tire inner 
wall surface and having a flexible coupling to that surface; the generator is shown both 
on the road contact region and away from it. 

[0030] FIG. 5 is a schematic of the basic circuitry of the magnet-coil power generator 
showing the magnet-coil interaction, the rectifier and peak capture diode, a voltage 
capture capacitor, and a switching regulator. 

[0031] FIG. 6 is a schematic of the equivalent electrical circuit of the basic magnet-coil 
power generator where the magnet is not shown. 

[0032] FIG. 7 is a schematic of an adaptive energy capture circuit depicting the 
measurement of coil temperature and of pulse width to select, using solid state switches, 
an optimal capture capacitor or combination of capacitors. 

[0033] FIG. 8 is a schematic of an adaptive energy capture circuit depicting the 
measurement of captured voltage to select, using solid state switches, an optimal capture 
capacitor or combination of capacitors. 

[0034] FIG. 9 is a side cutaway view of a horizontal magnet-coil inner wall deflection 
generator showing its construction, mounting, and how it responds to inner wall 
deflection motion within a tire when the generator is located on the road contact region. 

[0035] FIG. 9A is a side cutaway view of a horizontal magnet-coil inner wall deflection 
generator showing its construction, mounting, and how it responds to inner wall 
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deflection motion within a tire when the generator is located away from the road contact 
region. 

[0036] FIG. 10 is a side cutaway view of the radial magnet-coil inner wall deflection 
generator when it is located on the road contact region. 

[0037] FIG. 10A is a side cutaway view of the radial magnet-coil inner wall deflection 
generator when it is located away from the road contact region. 

[0038] FIG. 1 1 is a side cutaway view of the radial magnet-coil inner wall deflection 
generator having a linkage with fewer slip rollers when the generator is located on the 
road contact region. 

[0039] FIG. 1 1 A is a side cutaway view of the radial magnet-coil inner wall deflection 
generator having a linkage with fewer slip rollers when the generator is located away 
from the road contact region. 

[0040] FIG. 12 is a side cutaway view of the radial piezo-electric inner wall deflection 
generator showing its construction, mounting, and how it responds to inner wall 
deflection motion within a tire when it is located on the road contact region. 

[0041] FIG. 12A is a side cutaway view of the radial piezo-electric inner wall 
deflection generator showing its construction, mounting, and how it responds to inner 
wall deflection motion within a tire when the generator is located away from the road 
contact region. 

[0042] FIG. 13 is a side cutaway view of the radial piezo-electric inner wall deflection 
generator having simpler linkage with fewer slip rollers when the generator is located 
near the road contact region. 

[0043] FIG. 13A is a side cutaway view of the radial piezo-electric inner wall 
deflection generator having simpler linkage with fewer slip rollers when the generator is 
located away from the road contact region. 

[0044] FIG. 14 is a side cutaway view of the horizontal piezo-electric inner wall 
deflection generator showing its construction, mounting, and how it responds to inner 
wall deflection motion within a tire when the generator is located on the road contact 
region. 
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[0045] FIG. 14A is a side cutaway view of the horizontal piezo-electric inner wall 
deflection generator showing its construction, mounting, and how it responds to inner 
wall deflection motion within a tire when the generator is located away from the road 
contact region. 

[0046] FIG. 15 is a schematic of the piezo-electric energy capture circuitry showing the 
piezo-electric transducer equivalent circuit model, the rectifier and peak capture diode, a 
voltage capture capacitor, and a switching regulator. 

[0047] FIG. 16 is a side cutaway view of mounting a sidewall deflection generator in a 
tire using a modified tire patch having an aperture through which the generator projects 
and also showing the oversized substrate or base plate which the patch captures. 
[0048] FIG. 17 is a side cutaway view of mounting an inner wall deflection generator in 
a tire using a flexible stud embedded in the tread with the stud holding the main generator 
housing against the inner tread surface. 

[0049] FIG. 18 is a side cutaway view illustrating the use of an inner wall deflection 
generator integral with the electronics it is to power. 

[0050] FIG. 19 is a side cutaway view of a standalone inner wall deflection generator 
insert. 

[0051] FIG. 19A is a side cutaway view of a standalone inner wall deflection generator 
insert and how it fits within the tire. 

[0052] FIG. 19B is a side cutaway view of a standalone inner wall deflection generator 
insert and how it moves with the inner wall deflection motion when mounted in the tire. 
[0053] FIG. 20 is a front cutaway view of a conventional run flat tire shown when 
inflated and having a device mounted on its inner tread surface. 

[0054] FIG. 20 A is a front cutaway view of a conventional run flat tire shown when 
running flat and having a device mounted on its inner tread surface. 

[0055] FIG. 20B is a front cutaway view of an altered run flat tire shown when inflated 
and modified with an inner core cutout to accommodate and protect an electronic device 
mounted its inner tread surface. 
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[0056] FIG. 20C is a front cutaway view of an altered run flat tire, shown when running 
flat, modified with an inner core cutout to accommodate and protect a device mounted its 
inner tread surface. 

Detailed Description of the Preferred Embodiments of the Invention 
[0057] FIGs. 1 and 2 show a loaded vehicle tire 10 mounted on a rim 18 and its 
mechanical reciprocation induced by the tire 10 going from round to flat at the tire-to- 
road contact region 20. The following reciprocation motions are periodic (once per 
revolution) 

• as shown in FIG. 1 , the shortening of the distance from the rim to the tire tread as 
the tire temporarily deflates when on the contact region; and 

• as shown in FIG. 2, on the tire shoulder just above the tread, the widening of the 
distance between the tire inner walls as each wall deflects (balloons) outward 
when on the contact region. 

[0058] Both reciprocating motions are used to generate power by connecting an energy 
conversion device within the tire 10 to utilize the motions. A radial deflation generator 
24 connects between the tire tread 12 inner surface 15 and the rim 18 as shown in FIGs. 1 
and 1 A. An inner wall deflection 26 generator connects between the two inner wall 
surfaces 22 of the tire 10 at shoulder 23, near the tread 12, as shown in FIGs. 2 and 2A. 
Linkages on the ends of both generators are attached to respective surfaces using 
fasteners that are adhered to the wheel surfaces or molded into them. 
[0059] The inner wall deflection generator 26 has the advantages over the radial 
deflation generator 24 of not being dependent on the orientation of the tire 10 relative to 
the rim 1 8, and not having a mechanism strung between the rim 1 8 and the tread inner 
surface 15. The rough process of mounting a tire onto a rim randomizes the relative 
angular orientation between a point on the rim 1 8 and a point on the tread 12, and 
mechanisms strung between them are susceptible to damage by the installer's tools. 
[0060] The inner wall deflection reciprocating motion is converted to useful power 
using any conversion device that does not impede the flexing of the tire 10. For example, 
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as shown in FIG. 3, a magnet and coil arrangement 30 will induce electricity in the coil 
32 as a pole of magnet 34 is moved relative to it. The magnet 34 is supported by its shaft 
44 that ends in a fastener 46; fastener 46 has a mating fastener 38a bonded to an inner 
surface 22 noted as 5a. Coil 32 is supported by shaft 40 that rides within magnet shaft 44 
and ends in a fastener 42; and fastener 42 has a mating fastener 38b bonded to another 
inner surface 22 noted as 5b. As the tire turns through the road contact region 20, inner 
wall surfaces 5 balloon outward in opposite directions at shoulder 23. This balloon 
deflection moves magnet 34 relative to coil 32 and generates electricity that is made 
available to the tire parameter monitoring device through wires 36. 
[0061] Alternately, the motion may drive a bellows or piston to generate compressible 
or incompressible fluid flow, a small rotating generator, or bend a piezo-electric device. 
Those skilled in the art will recognize that other conversion devices may be used. 
[0062] Another version of the inner wall deflection generator, mounted between a 
single inner wall 22 and the inner tread surface 15 at shoulder 23, is indicated generally 
as numeral 28 in FIG. 4. The deflection of the single inner wall 22 is accommodated by, 
for example, a flexible connecting linkage 29. Since the motion of only one inner wall is 
used, the motion that drives the generator 28 is half of that if two inner walls 22 were 
coupled. 



A MAGNET-COIL GENERATOR 



[0063] The electricity generated by generator 30 consists of positive and negative 
pulses, as the inner walls deflect outward and return inward, and is captured on a 
capacitor and converted to regulated power by, for example, a conventional solid state 
switching regulator 54. A basic schematic is shown in FIG. 5 generally as numeral 50, an 
equivalent circuit in FIG. 6, and the induced voltage pulses are illustrated in Graph 1. A 
diode is used as a half-wave rectifier 52 to select the positive going pulse and form a peak 
voltage capture circuit in conjunction with the capacitor 58. Alternately, a full-wave 
rectifier captures both the positive and negative pulses. 



9 



Matter No. P03-KITCH-0044 



contact „ off contact ^ contact 



Volts 




time 



Graph 1 : the induced voltage pulses (v gen ) within the coil of the magnet-coil generator as the tire 
rotates into and out of the road contact region 

[0064] The relative motion of the magnet 34 and coil 32 generates a voltage across the 
coil that increases with, among other factors, the motion velocity and the number of turns 
in the coil 32. The shorter the coil 32 with respect to the length of the magnet 34, the 
more voltage is generated since the individual turns see the same magnetic field and their 
induced voltages are more time-synchronous with each other as they sum together. The 
coil 32 should also be shorter than half the length of the magnet 34 so that the south pole 
does not contribute a flux change at the same time that the north pole does, as these will 
counter one another. 

[0065] The greater the number of turns in the coil 32, the greater the induced voltage 
but also the greater the coil resistance 62. This resistance, coupled with the capacitor 58 
and the resistance of the rectifier 52, forms a low-pass filter that limits the circuit 
response to rapid signal changes. As the tire rotation increases, the width of the induced 
pulses is reduced and voltage capture is affected. Reducing the capacitance can speed the 
circuit 50 and allow it to capture more of the voltage pulse, but this may also reduce the 
captured energy that is proportional to the capacitor value. A design that captures the 
most energy per pulse needs to consider the following: 

• the magnet strength, length and diameter; 
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• the coil winding length, resistance and number of turns; 

• the capacitance; and 

• the generated voltage pulse width. 

[0066] The relative motion of the magnet and coil generates a voltage v gen according to 
the laws discovered in the 1830's by Michael Faraday, Joseph Henry, and Heinrich Lenz 

V gen = ~~ n coiAcoi\ & magnet 

- K n <fi R 

~ ~~~^ n coil U magnet D magnet 

In this equation 1W1 is the number of turns in the coil, A^a and cygnet are the area of the 

coil and diameter of the magnet, respectively, and B "magnet is the net rate of change of the 
magnetic field through the coils and is proportional to the velocity of the relative motion. 
The equivalence of A^u = 7i(d magIl et/2) 2 assumes the coil is wound with essentially the 
same diameter as the magnet. Practically, the actual voltage generated must account for 
the magnetic-coil coupling, the length of the coil, and other factors that can be 
determined experimentally or by simulation of the magnetic fields. 
[0067] The Magnet Many types of conventional magnetic materials (Alnico, 
Ceramics, and Rare Earths) are available from several manufactures. Alnico magnets can 
have high magnetic strengths (residual induction, Br 12,500 Gauss) and can sustain high 
temperatures (Tmax 540 C) but are too easily demagnetized (their intrinsic coercive 
Force, Hci, is around 640 Oersteds and so low that they can demagnetize themselves). 
Ceramic magnets are very stable (Hci 3200) and can handle high temperatures (Tmax 300 
C) but do not have strong magnetic strengths (Br 3900). Samarium Cobalt (SmCo) Rare 
Earth magnets are strong (Br 10,500) and stable (Hci 10,000) and can handle high 
temperatures (Tmax 300 C). Neodymium Iron Boron (NdFeB) Rare Earth magnets are 
even stronger (Br 12,800), are very resistant to demagnetization (Hci 21,000), can handle 
automotive temperatures (Tmax 150 C), and are inexpensive relative to SmCo. For the 
preferred embodiment of the invention, a cylindrically shaped NdFeB magnet is chosen. 
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[0068] Although the NdFeB magnets are inexpensive as far as Rare Earth magnets go, a 
smaller magnet is still less expensive than a larger one but a long magnet is needed to 
give room to form a coil of around half its length. For magnetic materials with straight 
line normal demagnetization curves, such as Rare Earths and Ceramics, the magnetic 
field generated by a cylindrical magnet with poles on its ends at a distance x from a pole 
along its axis is generally given by 



B x = 



r ™gnet + (^magnet + */ ^ r Lgnet + x2 J 



where Lmagnet is its length and r^gm* is its radius. This field as a function of x and of 
Lmagnet is shown in Graph 2 and illustrates the relative insensitivity of B to the length of 
the magnet. From these graphs we see that a magnet with a length greater or equal to its 
diameter will maintain over 90% of its maximum field of 0.5 B r . This means short and 
therefore less expensive magnets can be used. 
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Graph 2 : the expected magnetic field (B x ) vs. distance from pole (x) vs. magnet length (L) and radius 

(r) where B r is normalized to one 
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[0069] The issue of coil length versus magnet length is resolved by extending the 
effective flux length of the magnet by adding a ferrous slug 96. Whereas in the isolated 
magnet 34 the field lines flow from one pole to the other, in the extended magnet they are 
captured within the slug 96 that is more permeable to magnetic fields than is free space. 
The transition between the magnet 34 and slug 96 will have some affect and should be 
closely coupled with, possibly, a wrap of mu-metal to block unwanted fields. 
[0070] The Coil Electrical Resistance: The coil has many turns and is made of quite a 
long length of wire. Wire has a resistance 62 proportional to the wire length and 
inversely proportional to the wire cross-sectional area (or square of its diameter), and is 
dependent on the wire temperature. For a pure copper wire, its resistance in ohms is 
conventionally determined as: 



Kire =1.72jc10~ 8 Lwire at 20°C 
Area^ 

= -1/72*10^^ at 20°C 



* d wire 



6.88jc1(T 8 L 



n d wire 



i 2 

6.88jc10" 8 L 



3*- at 20°C 

[1 + 0.00393(T - 20°C)] at any temperature 



where dwire is the diameter of the wire measured in meters, Lwire is its length in meters, 
and T is the wire temperature in Centigrade. Assuming, again, that the diameter of the 
coil is essentially that of the magnet 



and 



^wire - m coild magnet 



R mil = 6 - 88 * 1(r8 m <»» d ™p*t [i + 0.00393(T-20°C)] 
= 6.88^10- 8 SglJgggq i + 0.00393(T - 20°C)] 
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[0071] The Energy Capture Circuitry Response: The rectifier 52 (full or half-wave) 
assures the peak voltage is captured on the capacitor 58, and the differential equation 
describing the voltage across the capacitor 58 is 



v c (0 = 



0 ifv gm (t)<v c (t) 



The resistance of the source supplying the capacitor is R SO uree = Rrectifier + Rcoii, and the 
energy in Joules captured on the capacitor 58 is 



J7 C ^ 



In terms of LaPlace transforms, and assuming the capacitor is initially discharged, the 
time-dependent differential equation valid while v gen (t) > v c (t) is written in its algebraic 
frequency-dependent form as 



VJS) S+(D RC 

where s is the complex frequency independent variable, and 



°>RC = 



R C 

source^ 



[0072] The voltage generated within the coil is modeled as a half sine wave having a 
peak voltage v gen Max and a pulse width of T seconds, as shown in Graph 3. 
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Graph 3 : a half-sine model of the induced voltage (v gen ) showing its peak value, period, a voltage 
threshold and the time the voltage is above the threshold 



This representation accounts for the Fourier fundamental first harmonic of any actual 
signal and provides a continuously difFerentiable formulation for subsequent analysis. 
The sinusoidal signal has a frequency in radians/sec of 



_ 71 
®gen *"* jt 



and the LaPlace transform of the sine function is 



S +® g en 



The LaPlace transform of the voltage across the capacitor is calculated as 



_l 1 



gen 
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which is written using partial fractions as 



The inverse LaPlace transform (ignoring forward voltage drops across the rectifier) is 
then 

v c (0 = y V r*T (w"*' " <V cos^r + ^ sin^ OT r) 



which represents the voltage across the capacitor up to the instant when it is equal to 
Vgen(t) after which it does not change. Illustrations of the results of this equation are 
presented in Graph 4. 
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Graph 4 : v gen (solid) and v c (dotted) for T = 1.5 msec, Vg en M M ~ 10 volts; © RC - 4000 rad/sec for a 
non-optimal resistor/capacitor value, and cd rc = 1224 rad/sec for an optimal value 
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[0073] The rectified voltage captured on the capacitor has a positive derivative up to 
the instant it crosses v gen (t) where the derivative goes to zero. As such, the voltage is the 
maximum value of v c over the pulse width and is defined as the value of v c at the time 

W When Vc = 0 



V e (t ) = ^VgenVgnMax { e —f— + CO SWG) t + CO pr C0S6> / ~)=0 
L v max/ 2 , ,2 V RC gen gen max RC v gen max / 



or, alternatively and equivalently, when v c = v gen 



60 RC + ^gew 



Both conditions occur at a time t max defined by 

fit ) = -<y D ^e~^* c/max -f <y sin 69 / + <y Dr , cos<# f =0 

J V max/ w JiC ge« gen max AC gen max 

This transcendental equation cannot be solved in closed form, but is resolved numerically 
using a Newton-Raphson iterative algorithm 



#(0 



max,//- W /JC* T " , ge W ^ 11M, g CT i*max,/^ w, /?C wa W< 

n U =^c^ w +^cos^ m ^-^^coso?^ I ^ i 



*max,i+l ^max,* (^(/) 



dt 



'max,/ 



The algorithm iteratively improves the tmax.0 initial estimate of W and is stopped after a 
few iterations when no significant changes are noted. Applying this algorithm to the 
example of Graph 4, t^o converges to a value of 1.227 msec with three iterations. 
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[0074] The peak voltage captured on the capacitor, v C Max, is the voltage v^W) 



V cMax ~ 7 

°>RC " r w gen 



= v g«iWaxSin^ cw / max 



and the energy captured on the capacitor is 



E =— v 2 



The energy is maximized with respect to the capacitor value by scanning across a range 
of capacitor values using the following algorithm: 

(1) define the value of v genMax and T and 

(2) initialize E^^O 

(3) select a value of from the range of interest. 

(4) calculate 

1 



°>RC = 

7Z 

Mgen = ~j 

(5) calculate t^ using 

gen w gen' 



/(W = -<o RC e~ OK '-' + <o gm sin + ®rc coso^,^ 



df{t) \ 
dt 1 



'max.i+l 'max,/ 



(6) calculate 



v cCapturt 2 . „2 



-cos^r^ +^sc sin^r^ 

v 



(7) calculate 



(8) if > E^then E^ = E cCaptun mdC ap ^ = 

(9) repeat step (3) until the capacitance range is exhausted 



18 



Matter No. P03-KITCH-0044 



[0075] To illustrate, begin with a somewhat arbitrary set of parameters representing the 
signals at 10 mph on a 12" radius tire with a 4" contact patch length and an R SO uice = 1 
ohm 

VgenMax@10mph 

= 2V 

Tiomph = 6 msec 

and scale up to 20, 40, and 80 mph by scaling the voltage upward and the pulse width 
downward with speed 

V g enMax@20mpb = 4 V 

T20m P h = 3 msec 

VgenMax@40mph = 8 V 

T40mph = 1.5 msec 

VgenMax@80mph = 16V 

Tgomph = 0.75 msec 

The results of applying the optimization algorithm are presented in Graph 5. The optimal 
capacitor values that maximize the captured energy range from 3200juF at 10 mph to 
450jiF at 80 mph. Also shown on Graph 5 are two factors, cOgenRsource C and cOgenW, 
which are further considered below. 
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Graph 5: E cMa x (joules), © g enBsoun*C and CD gC ntmax for (A) T = 6 msec, v genMal - 2 volts, = 1 ohm; 
(B)T = 3 msec, v^^ = 4 volts, = 1 ohm; (C) T = L5 msec, v genMax = 8 volts, = 1 ohm; 
(D) T = 0.75 msec, v genMai = 16 volts, Rsource = 1 ohm 



[0076] Determining the Theoretical Conditions for Optimality: At the peak energy 
capture points in all these figures 
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® genRsourceCoptimal ^ 1 • 7 
COgenWx « 2.5 

The invariance of these values suggests their values are fixed by the underlying physics 
through the mathematical model. Returning to the fundamental energy equation 



J7 C 2 



c 

2 



2 , 2 IV " <°Sen ™S(D g J + (O rc Sm(D gen t} 



l2 



W RC gen 



the conditions for optimality are found as those that make the partial derivatives of E c 
with respect to t and C equal zero. After some elementary calculus and algebra, the 
conditions are 

♦ for the partial derivative with respect to t to be zero at W and Cop^i 



♦ for the partial derivative with respect to C to be zero at t max and C op timai 
e w iRsou^c^ |p _ (o) g ^R^ e C optM ) 2 ]o) g ^R^C optirmi + 2[1 + (® gen R source C optim J 2 ]co gen t max }- 

These equations are re- written as 

asiny?+cos^~e^ /a =0 
[(3 - a 2 )a + 2(1 + a 2 )jf7)e^ /a - (3 - a 2 )acos/3+ (1 - 3a 2 )sin/? = 0 

where the a and p constants are related to the model as 
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a ~ ®gaftsoum£ optimal 



It is apparent that these are two purely parametric simultaneous equations depend only on 
the constant parameters a and p that are not functions of time. Solving the equations 
numerically 

a^a^R^C^s 1.7105 

^=V™ £ 24949 



Importantly, these are the same values detected in the numerical experiments shown on 
Graph 5. Returning to the example of Graph 4, the optimal resistor/capacitor 
combination is given by 

co 9en = — — = 2094 rad/sec 
gen 0.0015 

a) , = ^f^ = 1224 rad/sec 
* c 1.7105 



and the response of such an optimal combination is shown in Graph 4. 

[0077] Using the Optimality Conditions: Using these results, an optimum energy 

capture circuit has 
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71 

T 

1.7105 

^ gen^ source 



V cMax ~ V genMax ^O^^/max ) 

= v^sin(2.4949) 

= 0.603v gCTlA/ac meaning 60% of the peak voltage is captured 



r 

F _ ^optimal 2 
^cMax — 2 cMax 



c 

0.363 v 2 genMax meaning 36% of the peak energy is captured 

1.7105 2 
0.363 v^w 

2(0 R g 

gen source 

v 2 

0.310- gmMax 



(D R 
gen source 



^max 



2.4949 

2.4949 T 
n 

0.79427 



These relationships provide a way to design the energy capture electronics based only on 
the pulse width of the internally generated voltage pulse. 

[0078] Since the v gen Max is reasonably proportional to tire rotation rate (the motion of 
the magnet relative to the coil increases linearly with this rate), and ©gen is also 
reasonably proportional to tire rotation rate (flotation), the energy captured per pulse is 
proportional to the tire rotation rate 



v = k f 

genMax ^vgeni tireRotationRate J tireRotation 

*> gen = ^ enllMti ^ le f areRotatkm 

g —0 310 ^ v ^ enl tireRotationRate f tireRotation ) 

ty<ogenl tireRotationRate f tireRotation )^ source 



tireRotation 
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where the symbol <x indicates proportionality. 

[0079] The power in Watts drawn from the capacitor is 

F*c = /tireRotation & cMax 

A 1tf\ /tireRotation „2 

WgenKsource 

°^ /tireRotation 

In general, a doubling of the tire rotation rate will cause a quadrupling of power. 
[0080] The actual power available to the circuitry depends on the efficiency of the 
power conversion circuitry. The voltage on the capacitor may have to be increased or 
decreased using a switching power regulator 54 before it is useable to run circuitry or 
charge a battery. Switching power regulators are readily available in surface mount 
packages from many vendors and have efficiencies of 80% depending on the peak 
voltage on the capacitor. The useable power after the regulator is 



P = 

x useable 

— ^^^cwerterEfficiency/ttreRotation 2 

r> genMax 
gen source 

— ^ j 1 ^^converterEj^ency/tireRotation^ 7 genMax 

^eogenl tireRotationRate/ ireRotation^ source 

— Q ' ^ 1 ^^converterEffictency^ genMax 

^cagen I tireRoiationRatJ^ source 
_ 0.3 1 0 ^con\ertertfficiency^ genMax^- wire 

~ ^ Mola ^A^0- % n mll d mgnet [l + 0.00393(T - 20°C)] 

2 2*2 

0.3 1 0k^^ rterWlciefKy dl ire (^grt/^Lgw/ BmagnetMaxf 

~ l^^^^Il + 0.00393(T - 20°C)] 

2 2 3 * 2 

0.3 1 QKonverterEfflciencydwire 71 n coil 0 f magnet BrnagnetMax 

" l^#«-«*6.88xl(r*[l + 0.00393(T - 20°Q] 
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Further, since the rate of change of the magnetic B field is reasonably proportional to the 
tire rotation rate, 



^BdottHreRotaHonRatef HreRotaHon 
_ 0-310 k CO merterEfficiencydwire ^ n coll^ magnet^ Bdot) HreRotaHonRatef HreRotaHon 

"'" 16^ / ^ ote ^ a/e 6.88xl0- 8 [l + 0.00393(T-20 o C)] 

Q • 3 1 ^kconverterEfficienc^ 



^^^^^e.ggorlO-tl + 0.00393(T - 20°C)] 



Bdotl tireRotationRate J2 j3 rl 

a wire a magnet" coil J HreRotaHon 



= 2 78x1 0 6 ^convenerEfficiericy/^Bdot/ HreRotaHonRate ^3 j2 t2 

Kenl HreRotaHonRatef + 0.00393(T - 20°Q] ^ ^HreRotaHon cot! 



The values of the k^genAireRotationRate and kfidotAireRotationRate are determined, experimentally 
or by simulation, from the coil voltage response versus tire rotation rate. It is seen from 
this equation that the most sensitive system parameter is the magnet diameter which 
increases power by its cube; the next most sensitive parameters are the coil wire diameter 
and the tire rotation rate each of which increase power by their square; the least sensitive 
parameter is the number of turns of the coil, which increases power linearly with the 
number of turns. 

[0081] The Capacitor: The optimal capacitor value is given by 
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1.710 5 
1.7105 



'optimal n 

w gen source 



source 



= 0.5445 



T 
T 

p 

source 



1.71 



^ cogent tireKotatkmRate ftireRotation ^ source 

1.7W, 



wire 



^/^^^ + 0.00393(T - 20°C)] 

2.49xl0 7 

^/^ 0 ^J1 + 0.00393(T - 20°C)J f tireRotation n coil d { 



and the voltage rating it must accommodate as 



v c = 0.603v g<;wAto 



= 0. 60371^1^(1 magnet BmagnetMax 

= 1 .89Ar^ //rtw ^ oto ^^^w co// <i^^y^^ otortOM 



[0082] Laboratory Verification of Optimality. The optimality conditions are 
experimentally verifiable. A single 22V peak-to-peak sinusoidal cycle (1 1 volt v g enMax) 
was used to drive a 1000 ohm 1% resistor in series with a 1N4006 diode to which various 
capacitors were attached. The in-circuit capacitance was measured using a WaveTek 
DM27SXT meter, a single sinusoidal cycle was applied, the peak-captured voltage was 
measured, and the captured energy calculated. Two examples are shown in Graph 6, a 
300-Hz sine and a 600-Hz sine. 
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18 
16 
14 
12 

E c 

(pjoules) 10 
8 
6 
4 



0.01 




1 300Hz sine 
• 600 Hz sine 



0.1 



10 



100 



capacitance (pF) 



Graph 6 : experimental verification of the optimal capacitor calculation for a 300-Hz and a 600-Hz 



sine 



[0083] For the 300-Hz sine example, T = 1.67 msec, v gen = 10.4 volts (after subtracting 
the 0.6V forward drop of the diode), and the expected optimal capacitor is 



'optimal 



1.7105 

® gen ^ source 

1.7105 



1.7105 



2/r(300)(1000) 



gen source 



= 0.91//F 



From Graph 6, the peak occurs between 0.7-1.0 juF; at 0.8^iF the captured peak, v cM ax, is 
6.24V (59% of VgenMax); W = 134 msec (80% of T); and the captured energy is 15.2juJ 
as compared to the anticipated energy 
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^=0.363^Lv^„ 

= 0AS\C optimaJ v 2 genMax 

= 0.181(0.8jc10^)(10.4) 2 
= \5.6/jJoules 



All calculated values are in agreement with the optimal conditions. 

[0084] For the 600-Hz sine example, T = 0.833 msec, v gen = 10.6 volts (after 

subtracting the 0.6V forward drop of the diode) the expected optimal capacitor is 



1.7105 
2^(600)(1000) 



Coptic = ^77^77^ = 0 A5 ^ 



From Graph 6, the peak occurs between 0.3-0.5 ^F; at 0.4jjF the captured peak, v C Max, is, 
again, 6.24V (59% of VgenMax); 0.676 msec (81% of T); and the captured energy is 
7.7jliJ as compared to the anticipated energy 

EcMax ~ 0.18 optima} V genMax 

= 0.181(0.4xl0- 6 )(10.4) 2 
= 7.%jufoules 

Again, all calculated values are in agreement with the anticipated optimal conditions. 
[0085] Determining Pulse Width: Practically, the internal voltage pulse, v gen , is not 
accessible when the voltage capture circuit is in use; only the Vcoii signal is measurable. 
However, if the pulse capture circuit is temporarily disconnected and the coil unloaded, 
Vgen - Vcoii and the pulse width of v g en is that of Vcoii and can be determined. The 
unloading of the coil need only be performed occasionally to monitor slowly changing 
conditions. Note that if a positive pulse half-wave rectifier is used, the associated 
negative pulse is automatically unloaded by the rectifier 52 and can be used for 
determining pulse width. 
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[0086] One method of determining pulse width from an unloaded positive (or negative) 
pulse is by setting a threshold level, Vthreshoid, and measuring the time, x, during which the 
pulse is greater (or less) than the threshold, as shown in Graph 3. The peak voltage, 
VgenMax, is measured during this timing process and the pulse width determined as 



V threshold - V genMax C0: 

:.T= 



(if) 



2cos" 1 (v /Ams/roW /v^ ar ) 



Other methods of determining pulse width are described in the following circuitry 
discussion. 

[0087] Adaptive Energy Capture Circuitry: Since the optimal capacitor is easily 
calculated as a little more than half the ratio of the pulse width to the source resistance, 
the optimal capacitor is selected from a bank of capacitors accordingly. FIG. 7 illustrates 
a circuit 70 that implements this optimization and selection function. A backup battery 
84 (or a storage capacitor) powers the electronics with a supply voltage V s and is itself 
charged by the positive v^o pulse captured on capacitors 88a, 88b, and 88c through the 
rectifier 76a. The rectifier 76b passes the negative Vcoii pulse to turn on and saturate pass 
transistor 78a as biased by resistors 74a and 74b. The output of transistor 78a, referenced 
to ground by resistor 74c, is a positive signal v pu i se , with time width equal to the pulse 
width of the negative Vcoii pulse. The controller 86 times the duration of v pu i se and, using a 
sensor 72 to measure the coil temperature to estimate the source resistance, determines 
the ratio of the pulse width to the source resistance and multiplies this result by 0.5445 to 
calculate 

Goptimal- 

The adaptive controller 86 determines the combination of capacitors 
88a, 88b and 88c closest to and enables that combination by turning on the 

appropriate transistors 78b, 78c, and 78d. 

[0088] The early positive going pulse is used to capture energy and the negative pulse 
is used to determine pulse width. It may seem wasteful not to use the negative pulse for 
energy, but this second pulse is useful only during its portion having a voltage greater 
than that already captured on the capacitor by the first pulse (the upper 40% if the optimal 
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capacitor is being used) and does not contribute nearly as much energy as the first pulse. 
Graph 7 illustrates the pertinent circuit voltages assuming a full- wave rectifier is used and 
that the energy capture capacitor is fully discharged by the switching regulator between 
cycles. 




I i 

Graph 7 : the magnet-coil generator circuit voltages vs. time with v gen the internal coil voltage, Vcou 
the external measurable coil voltage, and v c the capture capacitor voltage after full-wave rectification 
of v^ and during discharge; also shown is the relationship of the signals to the off- and on-road 
contact status of the tire as well as threshold settings used to measure the v coil pulse widths and 

periodicity 
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[0089] Alternatively, the adaptive capture circuit 70 may be designed to use the 
negative pulse for power and the positive pulse for measuring pulse width. 
[0090] Alternatively, the adaptive capture circuit 70 may be designed to use both the 
positive and negative pulses for power and, occasionally, monitor pulse width by 
unloading the coil 32 by occasionally disconnecting all capacitors 88a, 88b and 88c 
[0091] Returning to the examples of Graph 5, the capacitance range can be handled 
with three capacitors of values 500jxF, IOOOjxF and 2000|xF that, in combination, provide 
seven capacitance values ranging from 500joF to 3500|uF in 500jnF steps, in addition to 
no capacitance loading, in the adaptive capture circuit 70. 
[0092] Other alternate methods can be used to select the optimal capacitor. As 
suggested by Graph 5, the capacitor value can be dithered and the resulting acquired 
energy calculated to track the optimal capacitor value. For example, consider that when 
using a nominal capacitance Co the captured voltage on the capacitor (as determined for 
example by A/D conversion) is measured as Vco and the captured energy is calculated as 
Eo = CoVco 2 /2. The capacitor value is subsequently dithered (perturbed) by using a larger 
value, C+, Vc+ measured and E+ = C+v c + 2 /2 calculated. If the energy is greater using C+ 
then switch to this capacitor value. Otherwise use a smaller capacitor, C, and see if it 
provides more energy. A dither controller, represented generally as numeral 89, is shown 
in FIG. 8 and is very similar to that of FIG. 7. The rising edge of the pass transistor 78a 
signal indicates the negative Vcoii pulse has arrived and that the positive pulse has ended. 
That occurrence indicates the voltage on the capacitor bank 88a, 88b, and 88c is to be 
measured and used by the adaptive controller 87 to calculate the energy captured and 
select the next capacitor value. 

[0093] At high wheel rotation speeds, where available power is greatest and high coil 
voltages are generated, a sub-optimal capacitor value is used to reduce the voltage 
captured to a range acceptable to the regulator. For this a capacitor combination larger 
the Coptimai is selected. 

[0094] Horizontal Generator: Energy is captured and electrical power generated from 
the reciprocating motion of the inner wall deflection tire action. One approach to energy 
capture and generation is illustrated in FIGs. 9 and 9A, which show a horizontally 
oriented magnet-coil generator 90. Fasteners 100 and 102 are attached to the opposing 
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inner walls 22 at shoulder 23, and these fasteners move as the inner walls deflect. Each 
individual inner wall motion is synchronous with the other but opposite in direction 
where each is positioned outward from the tire when on the contact region 20, and 
returning inward to the tire when off the contact region 20. As the inner wall deflections 
come and go, fasteners 100 and 102 will fall and rise radially with respect to the rim 18 
as well as move outward and inward. The motion of each inner wall 22 is summed by the 
mechanical construction and translated into relative motion of the coil 32 and the magnet 
34 within chamber 92. The magnet 34 travels within a guide tube 94 around which the 
coil 32 is wrapped. Air passageways 104 are provided within the guide tube 94 to reduce 
air compression due to the pumping action, and a filter 98 is provided to keep 
contaminants from the dirty interior of the tire from entering the generator 90 and 
resisting the motion of the magnet 34 and slug 96 within guide tube 94. The adaptive 
energy capture circuit 108 is mounted within the generator 90 and electrical connections 
made internally and externally with fixed wires 106. 

[0095] Alternatively, the horizontal generator is adhered to the tread inner surface 1 5 
and couples to only one inner wall 22 at shoulder 23 as illustrated in FIG. 4, where the 
generator is generally indicated by the numeral 28. Such a horizontal generator requires 
a flexible linkage 29 (pushrod) to accommodate the rising and falling radial movement. 
Both inner walls can be coupled using two flexible linkages 29. 
[0096] The horizontal generator 90 is affected by centrifugal acceleration and the 
magnetic susceptibility of the tire steel belts 112. The rotating tire acts as a centrifuge 
and generates a large acceleration radially outward from the wheel rim center 



^centrifugal r tire® tireRotation 
V 



tire 



vehicle 



2nr t 



tire J 



— S ^ehicle 



tire 



where Svehicie is the speed of the vehicle and rtire the tire radius. This acceleration is 
illustrated in Graph 8 for a typical 1 ft radius passenger tire, and places a large load on 
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the fasteners 100 and 102 and on the guide tube 94 holding the magnet (e.g. 244 g's at 60 
mph). 



radial centrifugal acceleration vs. vehicle speed 



10000 




0.01 J 1 1 L I M il l 1 1 1 I HI M 1 i 1 I I I Ml 

1 10 100 1000 

speed (miles per hour) 



Graph 8 ; the centrifugal acceleration at the tread and as a function of vehicle speed for a typical 1- 

foot radius passenger tire 

[0097] Unless shielded by mu-metal, the steel belts 1 12 within the tire tread 12 will 
attract the magnet 34 and induce more frictional force. The belts 1 12 also draw the 
magnetic flux toward them from both poles and alter the voltage generated by the coil 32. 
[0098] Radial Generator: An alternate approach is to provide a radial magnet-coil 
generator 120 mounted radially within the tire 10 and move only the coil 32, as illustrated 
in FIGs. 10, 10A, 1 1 and 1 1A. The magnet 34 is fixed to the base of the generator 
chamber 92 and the chamber is mounted to the inner tread surface 15. In this 
configuration the magnetic pole nearest the tread is attracted to the steel belts 1 12 but the 
farther pole is mostly unaffected. A flexible linkage, illustrated by a cable 124, sums the 
motion of each inner wall 22 to drive the coil shuttle 130 within the guide tube 132; a 
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stiff spring 122 strain relief is provided to take up slack in the cable 124 and to allow the 
inner wall deflection to exceed the motion limits of the generator 120; slip rollers 126 are 
provided to guide the cable 124. Filters 98 are provided to keep out contaminants. 
[0099] As inner walls 22 move outward and toward the rim 18 as the contact region 20 
is reached, the centrifugal force goes to zero and the cable 124 pulls the coil shuttle 130 
towards rim 18 generating a voltage pulse. When inner walls 22 move back in and away 
from the rim 18 with the contact patch 20 removal, the centrifugal force is re-asserted, the 
linkage 124 relaxes, moves upward from the tread 15, and the centrifugal force pushes 
the coil shuttle 130 back toward the tread inner surface 15 to generate a second voltage 
pulse of opposite polarity from the first. The coil 32 is embedded within its shuttle 130 
and electrical connections 128 are made between it and the adaptive energy capture 
circuit 108 using a flexible assembly shaped to share the space with the linkage, such as 
in the shape of a soft spring coiled about the inner periphery of the guide tube 132. 
[0100] Alternatively, the radial generator can be coupled to only one inner wall 22 at 
shoulder 23 as illustrated in FIG. 4, where the generator is generally indicated by the 
numeral 28. 

[0101] An exemplary demonstration of a radial generator illustrates the device. Built 
according to FIGs. 1 1 and 1 1A, the demonstrator consists of a 0.5" diameter x 1.25" 
length magnet (Magnet Sales & Manuacturing #39HNERR32); a 0.625" diameter x 
0.65" length 1.1 ohm coil made up of 8 meters of #26 magnet wire wrapped onto three 
layers of 50 turns per layer; 20 lbs strength monofilament fishing line cable; and a pvc 
sprinkler pipe structure. The demonstrator is mounted using tire patches within a 12. 1" 
radius passenger tire (Signet radial SV-820 135R14C) with distance between cable inner 
wall contact points of 7 1/8" when uninflated and unmounted on the rim; 7 1/2" when 
unloaded and inflated to 40 psi; and 7 7/8" when loaded (rear right wheel of Volvo 240 
with driver). The signal wires from the coil are routed outside of the tire using a second 
valve stem filled with epoxy; the wires are routed to external concentric circular copper 
patterns on copper clad printed circuit board material mounted to the wheel rim; a pair of 
brass brushes are attached to the vehicle fender that made contact with the copper 
patterns as the tire rotates; and the signals from the brushes are displayed on an 
oscilloscope. 
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[0102] A typical result taken from the demonstrator while the vehicle is moving at 8 
mph is shown in Graph 9. It consists of a positive leading edge pulse caused by the inner 
wall deflection pulling the coil upward, and a negative trailing edge pulse caused by a 4g 
centrifugal force. 



pulse due to inner 
wall deflection 



0 





pulse due to 
centrifugal force 



Graph 9 : the voltage vs. time generated by a demonstration radial magnet-coil inner wall deflection 

generator 



The half-sinusoidal positive leading edge pulse has a v gen Max = 300 mv; T = 30 msec; 
and is repeated every 540 msec. For such a signal, the optimal energy capture circuitry is 
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Rsouree —1.1 Ohm 
Coptimal = 14,850 |uF 
VcMax = 181 mv 

E c =243^J 
P c = 0.45mW 



Projecting from these values, if the vehicle were traveling at 40 mph, then v ge nMax = 1500 
mv; T = 6 msec; the pulse is repeated every 108 msec; the centrifugal force is 106g; 
and 

Rsouree = 1.1 ohm 

Coptimal 555 2970 jaF 

V cM ax = 0.905 V 

E c = 1215 juJ 
P c = 11.2mW 



If the vehicle were traveling at 60 mph, then v gen Max = 2.25 v; T = 4 msec; the pulse is 
repeated every 72 msec; the centrifugal force is 239g; and 



Rsouree ""1.1 Ohm 
^optimal ~ 

2178 ^iF 

VcMax =1.98V 

E c = 1822]lJ 
P c = 25.3mW 



[0103] If the diameter of the wire is halved (32 guage) and the number of turns is 
quadrupled (600 turns in 6 layers by 100 turns): the coil volume is unchanged; the 
resistance of the wire per unit length is quadrupled; the length of the wire is quadrupled; 
and the net resistance is sixteen times greater. As a result v C Max is quadrupled to help 
offset voltage drop in the rectifier; the capacitor is one-sixteenth in value; and the power 
is unchanged. At 40 mph this means 
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Rsouroe = 17.6 ohm 

Coptimal = 186 |XF 
VcMax = 3.618 V 

E c = 1215 nJ 
P c = 11.2mW 

Thereafter, doubling the number of layers doubles the resistance and doubles the power 
with half the capacitance: a 32-guage wire coil having 12 layers with 100 turns per layer 
will result in 

Rsource = 35.2 ohm 

^optimal 

-92.8^iF 
VcMax = 7.236 v 
E c =2430joJ 
P c = 22.5mW 

and 5 lmw at 60 mph. More power can be generated by increasing the number of coils, 
the diameter of the magnet, etc. 

A PDEZO-ELECTRIC GENERATOR 

[0104] Another approach to power generation is to use a conventional piezo-electric 
device, rather than a magnet-coil, and couple it radially to the motion of the inner wall 
deflection as shown in FIGs. 12, 12A, 13 and 13A generally as numeral 140 and where a 
bending moment is applied to the piezo 142. Here an alternate form of the flexible 
linkage, again illustrated by a cable 124, couples the motions of the two inner walls 22 at 
shoulder 23 through access openings 148 and works to bend a leaf spring 146 on which is 
mounted the piezo 142. The bending motion causes the piezo 142 to generate an electric 
charge that is captured in a manner similar to that of the magnetic-coil induced pulse. 
[0105] The spring 146 is bent towards the tread 12 when off of the road contact area by 
the centrifugal acceleration. The spring 146 is moved rapidly and forcefully toward rim 
18 when on the contact region by the linkage 124 driven by the action of the inner wall 
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deflection. As the contact region 20 is exited and the sidewalls 22 return to normal, the 
linkage 124 relaxes and the spring 146 and centrifugal force return the piezo 142 toward 
tread 12. 

[0106] Filters are not needed to keep out contaminants, and large piezo-electric devices 
are used without regard to the mechanical resonance of their mounting since the inner 
wall deflection forcibly drives them. 

[0107] The piezo 142 is formed of one or two layers of piezo-electric film such as 
PVDF (polyvinylidine flouride) or PZT (lead zirconium titanate) or any other suitable 
material. A two-layer bimorph piezo is constructed with oppositely polarized layers. As 
the spring is bent toward the piezo, layer #1 bonded to the spring is stretched and layer #2 
bonded to layer #1 is compressed. Layer #1 increases its charge while layer #2 
decreases. As the spring is bent away from the piezo, layer #1 is compressed and layer 
#2 is stretched. Layer #1 decreases its charge while layer #2 increases. The electrical 
connections between the two layers can be series or parallel with the series connection 
generating the same charge but at half the voltage as the series. 

[0108] Since the piezo-electric generator is unaffected by the tire radial belts, and there 
is no friction to speak of, a horizontal version 160 is possible as shown in FIG. 14 and 
14A. With this configuration the neutral position is radial to the tire. 
[0109] The charge produced by piezo 142 is proportional to the bending and thus to the 
deflection motion, deflection 

Q piezo = deflection 

An equivalent circuit 170 of the piezo is shown in FIG. 15 with its charge generator 
(Qpiezo) and inherent capacitance 174 (Cpiezo) and resistance 172 (R P iezo) attached to the 
charge capture electronics. With R P iezo normally large and no significant source 
resistance, the charge generated by the piezo 142, Qpiezo, is distributed over the internal 
capacitance 174 and the capture capacitance 58 resulting in a captured voltage of 
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The energy captured is 



v =■ 



ft 



piezo 



kd 

— deflection 

~ c +c 



E = 




which is maximized when C = Coptimai = C p i eZ o producing 



F — - deflection) 
^cMax ~ q n 

5 C /»e*> 



[0110] The maximum energy generated by the piezo 142 is its charge distributed only 
onto its internal capacitor 

1 (^deflection) 



E = 
max 



/wezo 



Since E C Max is 25% of Emax, the energy capture circuit is 25% efficient producing a 
captured voltage of 



V cMax - 



kd 

— deflection 

2C 



The power generated by this device is given by 
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f tireRotation ^ (Max 
^deflection 



1 deflection) r 

J tireRotation 



2 

^ /tireRotation 



and is proportional to the tire rotation rate. 

[0111] If the piezo circuitry has significant source resistance (e.g. the rectifier 52), the 
energy captured on the capacitor is reduced but an optimal capture capacitor can be 
calculated. If in FIG. 15 the normally large piezo internal resistance 172 is ignored, 
and the rectifier 52 replaced by a source resistance R SO urce representing all resistance from 
the piezo 142 to the capture capacitor 58, the coupled differential equations representing 
Vpiezo and v c are 



^ source^ piezo 

• v — V 

V C (0 = - PieZ ° ' 



RsourceC 



having initial conditions 



Q piezo 
piezo\V) — ~ 



v c (0) = 0 



Applying elementary calculus, these coupled equations are solved as 



^ piezo^f) ^ ^ 
Vpiezo + ^ 



c +r ^ 

^ piezo ^ 



/ 

| _ ^ RfourteC ptez<P 



c 

\^ ^ piezo 



v c (0 = 



Qpiezo 



Qpiezo ^ ^ 



as illustrated in Graph 10. 
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Open Circuit 
Vpiezo 



Vpiezo 



Vc 




Graph 10 : the piezo-eiectric generator circuit voltages vs. time: the open circuit unloaded piezo 
voltage Vpiezo, the actual piezo voltage with loading by the capture capacitor, and the v c the capture 
capacitor voltage after peak capture of the actual Vpj ezo and during discharge; also shown is the 
relationship of the signals to the off- and on-road contact status of the tire as well as a threshold 
setting used to measure the Vpiezo pulse widths and periodicity 



[0112] The v c (t) function has its maximum at the time when the piezo ceases to 
generate charge, the time when the generator leaves the contact region, and this results in 
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a pulse width T equal to the road contact time. With this pulse width, the energy 
captured on the capacitor is: 



E -£ 

^cMax 2 



f 



v 



piezo 



piezo + Cj 



r c +r v 

^ piezo ^ j, 



and the optimal value of C is that which forces the derivative of E cMax with respect to C to 
equal zero and is given by 



C piezo C< 



2(C piezo + C optimal) 



C -C 
optimal piezo 

2(C piezo + C optimal ) 



c +c 

^ piezo _ ^ 



r r 2 

v> piezo^ optimal 



v 



\Rtource) 



= 0 



Although this transcendental equation cannot be explicitly solved, it can be satisfied 
using a Newton-Raphson or other algorithm, as in the case of the magnet-coil analysis. 
The result is an optimal capture capacitor value dependent on the ratio of the measured 
pulse width T to the known source resistance R S ource 5 and the known internal piezo 
capacitance C P iezo. This equation can be solved within an adaptive energy capture circuit 
70 or pre-solved for various pulse widths with results stored in a table for use by the 
adaptive energy capture circuit 70. 

[0113] The energy capture circuit 70 for this piezo device is much like that of FIG. 7 
except the coil 32 is replaced by the piezo 142 and the temperature sensor 72 may not be 
needed unless the temperature is known to affect Cp^o or R SO urce and the optimal solution 
must take these changes into account. Further, the polarity of the v pu i S e signal to the 
adaptive controller 86 is inverted. 

[0114] Alternately, the same dither logic described for the magnet-coil generator can be 
used to optimize the capture capacitor using an adaptive energy capture circuit 70 much 
like that of FIG. 8 except the coil 32 is replaced by the piezo 142 an the polarity of the 
Vpuise signal to the adaptive controller 87 is inverted. 

[0115] Either the horizontal or radial piezo generator can be coupled to only one inner 
wall as illustrated in FIG. 4, where the generator is generally indicated by the numeral 28. 
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COMPARING THE MAGNET-COLL AND PIEZO-ELECTRIC GENERATORS 



[0116] Both generators described are relatively simple with a single moving part (the 
coil vs. the leaf spring). Given a fixed deflection displacement, the magnet-coil generator 
with optimal capacitor is 60% efficient and will generate increasing energy per tire 
rotation as the vehicle speeds up; the piezo generator is at best 25% efficient and will 
generate the same energy per rotation. Consequently, the magnet-coil generator will 
generate power that increases with the square of the speed while the piezo will generate 
power that increases linearly with the speed. 

[0117] The magnetic pulse duration is the transition times from off-to-on contact while 
the piezo charge is available throughout the on-contact region. 



MOUNTING A GENERATOR ONTO THE INNER TREAD SURFACE 



[0118] The inner wall deflection generator 230 is mounted onto the inner tread surface 
15 using a substrate or base plate 182 and a modified tire patch 180. The tire patch 180 is 
modifed by adding an opening through which the generator 230 protrudes with the aim of 
capturing the substrate or base plate 182, built onto the base of the generator and larger 
than the opening, between the patch 180 and the tread inner surface 15 as illustrated in 
FIG. 16. Patches are also useful to mount the linkage to inner walls 22 at shoulder 23. 
[0119] Alternatively, mounting using a flexible stud 190 embedded in the tire 10 is 
illustrated in FIG. 17. Studs may also be used to mount the linkage to the inner walls 22. 
[0120] Another mounting method is to build the generator as a unit 199 within a 
flexible insert 198 that is then positioned within the tire and adhered to the inner surfaces, 
as illustrated in FIG. 19. All linkage and generator mountings are made to the insert 198. 
[0121] In conventional tires when running flat, the inner wall deflection generator is 
protected by the extended walls of the rim within which the tire fits and is held. This 
provides a metal well within which the generator is protected when on the road contact 
region. 
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RUN FLAT TIRES 

[0122] Run flat tires have an inner tire structure consisting, as illustrated in FIG. 20, of 
a somewhat flexible core 202 around rim 18. Should the tire go flat and its air pressure 
lost, the vehicle rides on core 202. A conventional run flat tire 200 when running flat, as 
shown in FIG. 20 A, will place the vehicle load onto any device 210, be it a monitor or 
power generator, that is mounted onto its inner tread surface 15 and possibly damage it. 
As shown in FIGs. 20B and 20C, a run flat tire 220 with an inner core 206 having a 
cutout 208 to accommodate the device 210 affords protection by placing less load on the 
device 210. The dimensions of the cutout 208 should be larger than the device 210 to 
allow for core compression by the load, and for the angular motion of the device 210 
relative to the cutout 208 as the device moves through the road contact region on the un- 
inflated tread. The cutout region can be filled with a material with greater flexibility than 
the main core itself 

INCORPORATING THE GENERATOR WITH OTHER ELECTRONICS 

[0123] The inner wall deflection generator 230 is constructed together with the 
electronics 194 it is to power by forming the electronics around it and using the generator 
230 as a mounting platform. This is illustrated in FIG. 18. The electronics 194 includes 
at least one sensor 196 to monitor at least one tire parameter (pressure, temperature, 
acceleration, stress, etc.), a microcomputer 198 to process the sensor data, a vehicle radio 
transmitter 200 and antenna 202 to report the processed sensor information to a vehicle 
radio receiver 204 mounted on the vehicle, and an adaptive energy capture circuit 108 to 
maximize the energy developed by the generator 230. 

USING THE GENERATOR SIGNALS TO MEASURE THE CONTACT LENGTH 

AND TIRE AND VEHICLE STATUS 

[0124] As illustrated in Graph 7 and Graph 10, the time duration of the contact length 
(contactTime) is measured by timing the magnet-coil generator v^u pulses or the duration 
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of the piezo-electric generator pulse. The same signals are used to measure the 
rotation period of the tire (rotationPeriod). The length of the contact region 20 is given 
by 



, ^ . _ / n ( m contactBias x rotationPeriod^ 

contactLength- ItireRadius x sink icontactTime + ) 

\rotationPeriod^ InxtireRadius J\ 



^ . _ , . InxcontactTime contactBias\ 

= ItireRadius x s/m + ) 

\ rotationPeriod ItireRadius! 

- D j f contactTime \ , , 

« 2^ x tireRadtusx + contactBias 

^rotationPeriod' 



where contactBias is the effective footprint of the sensor along the circumference of the 
tire. Contact length is used to determine, among others, the tire rolling radius, volume, 
deflation, deflection angle. When combined with tire pressure, the load on the tire is 
given by 

load= a x treadWidth x contactLength x pressure + forceSidewall 

™. Jf L . „ « , I it xcontactTime contactBiasY] . 

= a x treadWidth x pressure\ ItireRadius x + -— — ) + forceSidewall 

I \ rotationPeriod ItireRadius/ J 

» 2^flr x treadWidth x pressur 'ItireRadius contact ^ ime + contactBias^^ forceSidewall 

\ rotationPeriod J 



where treadWidth is the width of the tread, treadWidthxcontactLength is the area of 
applied pressure, forceSidewall is the effective resiliency of the tire sidewall to collapse, 
contactBias is related to the width of the base plate, and a is a proportionality constant 
nearly equal to 1 . Given the loads on all tires, the mass is the sum of all loads and the 
distribution of mass (center of mass) is determined from the loads given vehicle in-track 
and cross-track accelerations. Further, given tire temperature, the molar gas content in 
the tire is determined from the tire geometry (from which volume is determined) and 
pressure and temperature using the ideal gas law. The tire real-time geometry and loads, 
the vehicle mass and mass distribution, and the tire molar air content are provided to the 
vehicle control system for tire status monitoring and the enhancement of vehicle stability, 
braking, steering, suspension and engine control. 
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[0125] Determining contactTime and rotationPeriod: These values are measured from 
the Vcoii and signals. For the magnet-coil generator, compare the positive pulse to a 
positive threshold, v nmgT h rcS hoid+, and note the time, startContactTime, the signal rises 
through the threshold, and compare the negative pulse to a negative threshold, 
VmagThreshoid and note when the time, endContactTime, when the signal rises through the 
threshold. The difference between these times is the contactTime, and the difference 
between the current startContactTime (or endContactTime) and the previous one is the 
rotationPeriod. 

[0126] For the piezo-electric generator, compare the positive pulse to a threshold, 
VpiezoThreshoid, and noting the time, startContactTime, the signal rises through the threshold, 
and noting when the time, endContactTime, when the signal falls through the threshold. 
The difference between these times is the contactTime, and the difference between the 
current startContactTime (or endContactTime) and the previous one is the rotationPeriod. 

contactTime = endContactTime - startContactTime 
rotationPeriod = endContactTime - previous endContactTime 

OTHER EMBODIMENTS 

[0127] While several illustrative embodiments of the invention have been shown and 
described, numerous variations and alternate embodiments will occur to those skilled in 
the art. For example, the linkage between the tire surfaces and the generator is a 
pneumatic link where the inner wall motions drive a bellows or piston that pump a 
compressible or incompressible fluid; the generator is any type that converts the linkage 
action into electricity or any other form of energy; the linkage can be any type that 
conducts the inner wall motion to the generator; the energy so generated can be used 
directly with or without pulse capture; the optimal pulse energy capture method, due to 
the well-known equivalence between electrical and mechanical devices, is not limited to 
electrical energy and may be based on different principals than suggested herein; the 
active portion of the tire can be anywhere along the inner wall surface from the tread to 
the rim; the run flat tire cutout can be generalized to any method that keeps the vehicle 
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weight away from the protected device. Such variations and alternate embodiments, as 
well as others, are contemplated and can be made without departing from the spirit and 
scope of the invention as defined in the appended claims. 
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